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Very high maximum magnetic permeability has been 
obtained in certain ferromagnetic alloys by slowly cooling 
them in a magnetic field. In permalloy with 78.5 percent 
nickel it has thus been raised above 140,000 that is, to the 
same order as is obtainable by rapid cooling without an 
applied field. In perminvar with 45 percent nickel, 30 
percent iron and 25 percent cobalt this magnetic heat 


treatment is also found to be effective. It is also shown that 
the maximum permeability is highest if the testing field 
is in the same direction as that of the field applied during 
cooling. In directions at right angles to this, the maximum 
permeability is decreased. The ratio of the two per- 
meabilities in one instance was over 14 for permalloy, and 
in another instance nearly 70 for perminvar. 


HE experiments here reported were sug- 

gested by the result of a test, made about 
ten years ago, in the course of an extended study 
on the variation with temperature of the mag- 
netic permeability of permalloy. The usual pro- 
cedure involved measuring the permeability 
before and after heating the specimen, which was 
a toroidal core of rectangular cross section 
consisting of about 30 turns of 1/8 inch X0.006 
inch tape. In one run, the permeability of a 
specimen containing 78.5 percent nickel and the 
remainder iron (78.5 permalloy hereafter) was 
measured with a ballistic galvanometer at inter- 
vals during the time of heating to and cooling 
from 600°C and the field used for measurement 
was left on between readings throughout the 
entire run. Its intensity, 0.085 oersted, was about 
that for which the permeability of the previously 
“double heat treated’’ specimen! was maximum 
before the test. The permeability finally meas- 
ured at room temperature was 48,000, whereas 
the permeability of similar material not subjected 
to magnetizing forces during the same heating 


'H. D. Arnold and G. W. Elmen, J. Frank. Inst. 195, 
621 (1923). 


cycle would have dropped to about 15,000. This 
striking result led us to undertake a long series 
of tests on 78.5 permalloy and on a perminvar? 
with 45 percent nickel, 30 percent iron and 25 
percent cobalt (45-30-25 perminvar hereafter). 
A few tests were also made on 45, 60 and 70 
permalloys, 3.8-78.5 chromium permalloy, 3.8— 
78.5 molybdenum permalloy, nickel, iron (Armco), 
50-50 iron-cobalt and 4 percent silicon steel. 
The original form of specimen was used in most 
of this work. 

Some of the experiments were done in a 
magnetic testing furnace* which had an annular 
heating compartment made of lavite. The heat- 
ing elements were wound non-inductively so that 
they did not affect the magnetic measurements. 
The necessary windings for making magnetic 
tests with a ballistic galvanometer were wound 
around the outside of the furnace. The magnet- 
izing field was applied during heat treatment by 
passing a suitable current through one of these 
windings. In other tests the specimens were 
placed in an annular lavite box on which the 


2G. W. Elmen, J. Frank. Inst. 206, 317 (1928). 
*G, A. Kelsall, J. O. S. A. and R. S. I. 19, 47 (1929), 
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magnetizing winding was wound, and the heat 
treatment was carried out in a Hoskins’ electric 
furnace. In both these methods the specimen 
was subjected to a field having at every point 
the same direction as the field applied in the 
magnetic tests. 

Tests were also made, in some cases, with the 
fields during heat treatment at right angles to 
the fields used in measurement. Here solid rings 
with circular cross sections were used. A direct 
current between two points diametrically oppo- 
site on the circumference produced, in the major 
portion of the ring, a circular magnetizing field 
at right angles to the circumference of the ring, 
along which, of course, the testing field was 
applied. 

The results on 78.5 permalloy will be given 
first. It was found that maximum permeabilities 
of the same order were obtained whether an 
annealed specimen or a double treated specimen 
was used. Most experiments were, therefore, 
made on annealed specimens and only such 
results are here reported. If an annealed specimen 
is raised to a temperature above the Curie 
point, which lies for 78.5 permalloy at about 
585°C, and if a magnetizing force is applied 
while the specimen cools slowly, maximum 
permeabilities are obtained of the same order as 
with the regular double treatment. The initial 
permeability is less than for double treatment. 
In Table I are given the initial and maximum 
permeabilities (up and y,,) and the magnetizing 
force at which uy,, is reached for various magnet- 
izing forces used during cooling from 600°. The 
cooling rate was the same for all these tests and 


TABLE I. 78.5 permalloy tape toroid. 


Magnetizing force used H for 
during cooling from 600°C Mo Mm Hm 

3150 14,300 0.384 

0.10 a.c. 2700 46,500 0.1258 

0.20 a.c. 2100 64,100 0.0961 

0.40 a.c. 2800 81,750 0.0814 

0.80 a.c. 2400 95,300 0.0695 

1.47 a.c. 3700 100,500 0.0650 

2.96 a.c. 4000 100,600 0.0620 

10.35 a.c. 3000 98,500 0.0620 

2.96 d.c. 2900 100,500 0.0620 

1.00 d.c. 2400 98,200 0.0650 

0.20 d.c. 2000 68,900 0.0887 


* A frequency of 60 cycles was used for (a.c.) magnetizing 
forces. r.m.s. values are given. 
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Fic. 1. Maximum permeability of permalloy and per- 
minvar as a function of the magnetizing force applied 
during cooling. 


was such that the specimen cooled from 600° to 
200° in about 45 minutes. 

Since these treatments left the specimen in a 
magnetized condition, it was always demagnet- 
ized before making the magnetic measurements. 
The values for maximum permeability are also 
shown in curve 1 (Fig. 1), plotted against the 
values of magnetizing force applied during cool- 
ing. The maximum increase in maximum per- 
meability is obtained with a magnetizing force 
of about 1.5 oersteds or more. The data also 
show that d.c. magnetizing forces are about 
equivalent to a.c. magnetizing forces of equal 
r.m.s. values. 

In another set of experiments a different but 
similar specimen was raised to 600°C and an 
a.c. magnetizing force of 7.4 oersteds was applied 
at different temperatures, 7.,, during successive 
coolings at the same rate as in the previous 
experiments. The results are shown in Table II. 

Tables III and IV show the result of checking 
the cooling for one hour and for five hours, 
respectively, at the temperature chosen for 
applying the magnetizing force. 


TABLE II. 78.5 permalloy tape toroid. 


T."C Mo H for pun 
4 4400 20,300 0.235 
475 4200 19,980 0.191 
500 3460 39,450 0.1397 
525 2740 55,600 0.110 
550 2550 59,200 0.103 
575 2300 60,100 0.103 
600 2600 59,300 0.103 


*No magnetizing force applied during heat treatment. 
g g 
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Increasing the time of maintaining the temper- 
ature at which the magnetizing force is applied 
increases the maximum permeability obtained 
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TABLE V. 78.5 permalloy tape toroids. Raised to 600°C. 
H applied at 600° and down to room temperature. On 
arriving at indicated temperature, 7), temperature was 
maintained for five hours. Cooling rate: 600° to 200° in 
31 minutes exclusive of time held at constant temperature. 


TABLE III. 78.5 permalloy tape toroid. Raised to 600°C, Ho H for um 
On arriving at indicated temperature, 7.4 oersted (a.c.) 475 1000 113,500 0.0758 
applied and temperature maintained for one hour. Cooling —599 1500 126 800 00664 
rate: 600°C to 200°C in 45 minutes exclusive of time held 525 900 129,000 0.0678 

565 1700 138,000 0.0568 

6000 63,500 0.110 
Ko Mm H for Mn ’ 

* 3500 19,310 0.264 ? 

400 3600 19870 0.235 * Double treated. 

450 3000 81,700 0.0823 

= It would thus appear that the highest maxi- 

550 2675 104,500 0.0617 mum permeability for 78.5 permalloy is obtained 
pe pe y 

575 2540 102,700 0.0617 


*No magnetizing force used on cooling. 


TABLE IV. 78.5 permalloy tape toroid. Raised to 600°C. 
On arriving at indicated temperature, 7.4 oersted (a.c) 
applied and temperature maintained five hours. Cooling 
rate: 600° to 200° in one hour and thirty-five minutes 
exclusive of time held at constant temperature. 


Ko Min H for Mm 
* 12,520 0.483 
| 373 2200 12,590 0.530 
) 400 3000 22,910 0.308 
) 425 1350 96,700 0.0806 
475 1550 94,400 0.0846 
510 1650 119,000 0.0684 
545 1500 109,100 0.0726 


* No magnetizing force used on cooling. 


and lowers the temperature at which marked 
increases occur. It is also interesting to note that 

at or below about 375° substantially the same 
value of um is obtained whether or not a magnet- 
: izing force is applied during the heat treatment. 
It has been found that if 78.5 permalloy, an- 
nealed or double treated, is held at a constant 
temperature for several days, its permeability 
(at room temperature) is lowest after baking at 
about 375°C. 

In another set of experiments (Table V) five 
different specimens of the same lot of material 
were heated to 600°. A magnetizing force 7.4 
oersteds (a.c.) was applied at this temperature 


and maintained during cooling to room temper-. 
ature. On arriving at the indicated temperature,. 


T,, cooling was checked and the temperature 
maintained constant for five hours. 


by heating to the non-magnetic temperature or 
a little above, applying a suitable magnetizing 
force, cooling to some lower temperature, say 
550°, holding the temperature constant for a 
long period of time, and cooling: to about 300°C‘ 
or lower before removing the magnetizing force. 

The effect on maximum permeability of apply- 
ing transverse fields during heat treatment is 
opposite to that of applying longitudinal fields. 
The maximum permeability after applying trans- 
verse fields on cooling from 600° is considerably 
below that which would have been obtained by 
the heat treatment alone. Tests made using 
transverse fields are listed in Table VI. 

The maximum permeability obtained when 
using a longitudinal field is over fourteen times 
that when using a transverse magnetizing field. 

In the experiments with 45-30-25 perminvar 
the temperature was carried up to 725°C (Curie 
point about 715°C) and the specimens cooled 
slowly in a d.c. magnetizing field. Tests with a 


TABLE VI. Solid 78.5 permalloy ring of circular cross section. 
Longitudinal and transverse fields. 


Heat Treatment 


Ko Mm 

Pot annealed 1100°C 1580 10,500 
600°—10 min.—furnace cooled 2300 12,500 
600°—10 min.—furnace cooled (a.c.) 

transverse magnetizing field 15.2* 2000 6,000 
600°—10 min.—furnace cooled (d.c.) 

transverse magnetizing field 15.2* 1900 5,800 
600°—10 min.—furnace cooled longi- 

tudinal (a.c.) H=15 4000 84,000 


* Depends on distance from current axis, this is the 
maximum value in the cross section, 


4 This temperature selected on the basis of other experi- 
ments not reported here. 


J 
_ 


4 
> 


172 G. A. KELSALL 


TABLE VII. 45-30-25 perminvar ring. 


(d.c.) magnetizing force 


used on cooling Mo fies 
0 longitudinal 383 1,942 
0.1 - 300 13,380 
1.0 wy 165 58,000 
4.0 170 91,000 
12.0 500 97,800 
20.0 790 98,600 
26.00 890 98,800 
50.0 wt 900 97,800 
8* transverse 660 1,516 
t 1570 18,880 


*d.c. transverse magnetizing field =8 (maximum value 
in the cross section). ; 
t Highest value of u,, obtained by double treatment. 


longitudinal field were made on both tape toroids 
and solid ring specimens. The results on the two 
types of cores were of the same general character 
with the exception that the highest maximum 
permeabilities for a solid ring were about 25 
percent higher than for tape. Table VIT shows 
the results obtained on the solid core for both 
longitudinal and transverse magnetizing fields. 

The values of maximum permeability are 
shown in curve 2, plotted against magnetizing 
force used during cooling. The optimum value 
of magnetizing force during cooling was at least 
12 oersteds. The maximum permeability for the 
longitudinal field is nearly 70 times that for the 
transverse magnetizing field. 

The method of raising u», by applying longi- 
tudinal magnetizing forces during heat treatment 
can be applied advantageously to specimens 
having sizes or shapes inconvenient for producing 
high permeability by rapid cooling. It is of 
special interest for the heat treatment of solids 
of such large cross section that they cannot be 
cooled rapidly enough and at the same time 
uniformly enough to avoid severe strains which 
result in low permeability. One example will 
serve to illustrate this point. A cylinder of 78.5 
permalloy, 12 inches long, 2 inches outside and 
1.5 inches inside diameter, intended for a mag- 
netic shield, was double treated. The maximum 
permeability thus obtained was only 9000. When 
cooled from 600°C in a magnetic field, the 
maximum permeability was 111,000. 


In the case of nickel, 45 permalloy, 3.8-78.5 
chromium permalloy and 3.8-78.5 molybdenum 
permalloy there was substantially no change 
attributable to the magnetic treatment. In 60 


_permalloy there was an appreciable effect and 


in 70 permalloy yu», increased from 7290 to 
44,300, a change comparable with that in 78.5 
permalloy. In 50-50 iron cobalt yu» increased 
from 3980 to 6750; in Armco iron from 6950 to 
8600; and in silicon steel from 5820 to 8080. 
Of all the alloys tested, 78.5 permalloy and 
45-30-25 perminvar were most affected and 
these two alloys are also greatly affected by 
double treatment. 

In an article appearing in 1913 Pender and 
Jones® describe experiments made to determine 
the effect upon its maximum permeability of 
magnetizing force on silicon steel applied while 
cooling. The effect they obtained was an increase, 
greatest when the specimen was heated slightly 
above the non-magnetic point, and cooled down 
to about 690° at which temperature an a.c. 
magnetizing force was applied. An increase in 
maximum permeability of about 50 percent was 
obtained in some cases. A similar effect was also 
obtained with low carbon dynamo steel, but to 
a lesser degree. 

An increase in maximum permeability was 
similarly obtained in stalloy or silicon steel by 
E. Wilson.®* He obtained maximum permeabilities 
of between 10,000 and 11,000. 

Recently R. M. Bozorth and J. F. Dillinger 
have obtained some remarkable results on 65 
and 70 permalloy by performing experiments 
similar to those here discussed, but in an atmos- 
phere of hydrogen. These are to be described in 
a forthcoming paper.’ 

In closing I wish to express my appreciation 
for the valuable assistance of H. J. Williams and 
R. A. Chegwidden who carried out most of the 
experiments. 


5H. Pender and R. L. Jones, Phys. Rev. [2] 1, 259 
(1913). 

6 E. Wilson, Proc. Roy. Soc. A90, 343 (1914); 91, 104 
(1914). 

7 Reported at the Meeting of the American Physical 
Society in Washington, D. C., April 26, 1934. 
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Space Charge Grid Tube with Variable Mu Grid 


WALTER DEHLINGER, Hygrade Sylvania Corporation, Emporium, Pennsylvania 
(Received April 16, 1934) 


Solutions of the generalized equations of the variable 
Mu triode 


exp (po) = (a) 


(o+2:)"= (b) 
for dx/dz are given by means of the gamma-function. 
Here z is the reciprocal of the amplification constant, 
x is the axial distance along the grid, v is the ratio of grid 
to plate voltage and & is the space charge constant, usually 
3/2. The constant m or p determines the shape of the 


plate current, grid voltage curve desired. The only re- 
strictions for the values of m and & are 


n>k>0O (c) 


(d) 


The solution of the integral equation of the space charge 
grid tube is reduced to that of the triode by a process of 
summation. Graphical methods are developed by means 
of which the distribution of grid pitches can be determined 
from the solution of the integral equation. 


HE distribution of grid pitches necessary 

for obtaining a desired plate current- 
control grid voltage characteristic in a space 
charge grid tube is one of the outstanding 
problems in designing the variable Mu grid of 
the electron coupled detector oscillator tubes, 
the types 1-A-6 and 6-A-7. This problem will be 
discussed here for the case that the total space 
current from the cathode does not change over 
-a wide range of control grid voltages. This 
restriction is very nearly complied with in the 
pentagrid converters mentioned above as the 
variation of the total current in these tubes is 
not more than 30 percent compared with a 
10,000 percent change in plate current. 

In order to show the principle of designing 
the variable Mu grid of these tubes more clearly, 
the following considerations omit the complica- 
tions arising from the oscillator part of the 
converter tube and from the fact that the 
impedance of these tubes is increased by adding 
a screen grid in front of the plate. 


I. ASSUMPTIONS 
We assume: 


1. Absence of secondary emission. 

2. Zero initial velocity of the electrons at the cathode. 

3. Zero contact potentials. 

4. The distribution of space current between space 
charge grid and plate is proportional to a power & of 


the ratio of the voltage applied to the space charge 
grid and the effective voltage in the control grid.* 

5. The existence of a simple relation between local grid 
wire spacing and. amplification factor from point to 
point along the grid. 


II. THE RESTRICTED INTEGRAL EQUATIONS FOR 
THE VARIABLE Mu TRIODE 


Assume a number of triodes Q of length A,x, 
which are similar to each other except for their 
amplification constants n,=1/z, to be connected 
in parallel. Let the plate current-grid voltage 
characteristic of each triode be given by 


(1) 


where v=e,/e, in the conventional symbols and 
P is a constant common to all the triodes. The 
plate current of all the triodes in parallel, J(v), 
as a function of the modified grid voltage v is 
thus given as: 


I(v) => Aig=PDX (v+2,)!Axg, (2) 


the sum extended over all those triodes for which 


1 This is a generalization of the law for the current dis- 
tribution between positive electrodes. See: Kusunose, 
I. R. E. 17, 1713 (1929). The law is inferred from the con- 
sideration, that the lines of force in the tube keep their 
distribution for constant ratio of the voltages. Hence the 
absolute values of the voltages for constant voltage ratio 
influences the intensily only, the shape of the field remains 
unchanged. 
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for a given value of v the expression (v+z,)2>0. 
The plate current of a triode with an amplifica- 
tion factor decreasing continuously with in- 
creasing distance x from the end of the grid 
axis of total length / is therefore: 


z=l 
(v+z)'dx (3) 
or, by introducing the variable =: 


z(max) 
I(v)=P f (v+z)'(dx/dz)dz. (3’) 
If z is known as a function of the position x along 
the grid, J(v) can be computed from (3). If, on 
the other hand, /(v) is given, Eq. (3’) can be 
solved for dx/dz. By integrating, x can then be 
found as a function of z, and z as a function of x. 

Solutions of Eq. (3’) and the corresponding 
solutions for z as a function of x have been given? 
for the three following forms of the function J(v): 
exp (pv); (v+z9)?; and (v+zo)*. Here z is the 
value of the negative modified cut-off grid 
voltage and p is a constant, the logarithmic 
steepness. 


III. GENERALIZATION OF THE EQUATIONS FOR 
THE VARIABLE Mu TRIODE 
We proceed now to the solution of a more 
general form of variable Mu equation. This 
generalization concerns two points: 
(1) The “‘kernel’’ (v+z)! of the integral equa- 
tion (3’) is replaced by 
F(z)-(v+2)*, (4) 
where F(z) is an arbitrary function of z which 
does not contain v; k is only limited by: k>0. 
(2) The three forms of the desired plate 
current-control grid voltage characteristic J(v) 
previously mentioned are replaced by 


I(v) = A(v+20)" (5) * 
for any n>k>0O and Eq. (5) 
becomes 
I(v)= B-exp (pv) (6) 
for A= B(p/n)", z=n/p and n>. 
Our problem is the solution of the equations: 


B-exp (pv) =P (7) 


2G. Jobst, Telefunken-Zeitung 17, 29 (1931). 


* Note: A is a constant. 


A(vu+2)"=P (8) 


for g(z)=F(z)dx/dz. From this it is easy to 
determine dx/dz and z as a function of x. Some 
of these solutions are of necessity graphical. 
The solutions of (7) and (8) are, respectively: 


Sex(z) = (B- p**"/P- TI(k)) exp (— pz), (9) 


II(n) 


These equations follow from the consideration 
of tte gamma-integrals 


f exp (— pl)t*dt= I1(k) (11) 


f (1 = —k—1)/T1(n). (12) 


By introducing a new variable z into (11) by 
z=t—v, it becomes: 


J “exp I1(R). 


From this (9) follows directly. Similarly by intro- 
ducing into (12) the variable z by z= (z9+v)t—1, 
it becomes: 


zo 
f 

~ = (v-+z0)"{ —k—1)/1(n)], 
from which (10) follows directly. 
IV. Mu DIstRIBUTION IN A SPACE CHARGE 
Grip TUBE 


The current distribution between space charge 
grid (No. 1) and plate in a space charge grid 
tube with constant amplification factor is ac- 
cording to our assumption given by: 


(13) 


Here a is the ratio of the effective open area to 
the effective conductive area of the surface of 
grid No. 1. V2 is the effective voltage in the 
surface of the control grid, No. 2, and e; is the 
voltage applied to the space charge grid. The 
exponent k may be determined experimentally 


; 

« 
= 

= 


SPACE CHARGE GRID TUBE 


in a given type of tube. The effective voltage is 
(14) 


z, and zy are the reciprocals of direct and 
reverse amplification constants of grid No. 2. 
They can be calculated in a known way from 
grid pitch and wire size of grid No. 2 and from 
the geometrical dimensions of grids Nos. 1 and 
2 and plate. For constant values of e; and e, the 
ratio ¢,/e:=1/r is a constant. By introducing 
the symbol z by 


Vo=e2+e1° 211 22. 


2= (22/r) +211 (15) 


the effective voltage can be written Vo=e2+s-e; 
and the value of V2/e; in (13) becomes: 


Vo/e1= (16) 


Let the total space current J,., of this tube be 
independent of the control grid voltage, while 
space charge grid current J,(v) and plate current 
I,(v) are functions of the modified control grid 
voltage v=e2/e,. The total space current of a 
short length A,/ of the tube of total length / is 
then equal to Ito4-A,//l. The current distribution 
between plate and space charge grid of this 
short length is 


A gip/L(Ad/) — A qip]=a(v+z,)* (17) 


and we find for the ratio of the plate current of 
the short length A,/ to the total space current 
of the tube 


Aqtp a(v+z,)* Ad 
1+a(v+z,)* 


Summing up over all the short lengths A,/ for 
which the value of v+z,>0, we have 


a(v+z,)* 
1+a(v+z,)* 


where Ax,=A,//l. Going to infinitely small 
A,x-dx and replacing the sums by integrals, 
(19) gives 


(18) 


Axq, (19) 


I,(v) a(v+z)* 
= 
Trot 1+a(v+z)* dz 


We restrict our attention now to an exponential 
characteristic I,,(v)/Ito.=j-exp (pv), where j is a 
true fraction; the meaning of j is the ratio 


(20) 
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T,(0)/Ttot. The solution of 
(pv) a-(v+z)* (21) 
“ex )= 
+a: (v+z)* ds 
is 
dx/dz=j-exp (22) 


with g=p/a''*. T,(q) is a function of g and k 
only. It can be found either by graphical inte- 
gration of the expression 


]-exp (—qu)du= Tula), (23) 


as indicated in curve No. 1, or by expanding the 
expression u*/(1+u*) into a series, which fur- 
nishes 


n=l 


(24) 


The series is asymptotic, the value N is that 
value of n for which the term g”*'II(mk) has the 
smallest value. The series development reduces 
the solution of (21) to the solution of Eq. (7), 
the generalized exponential triode. 

The solution of (21) follows from the consider- 
ation of the integral 


+u*)] exp (—qu)du=T;,(q), 


in which the variable z is introduced by the 
relation u=a'/*(z+v) in a similar way as (9) 
follows from (11). 

Integration of (22) between the limits x=0, 
z=0 and x=1, z= gives 


x= (j/q-Tx(q))-(1—exp (—pz)). (25) 
This gives for x=1, z= © the relation 
J=9:Ti(Q) (26) 


or j/q:T.(q)=1. The values of 7 can be read 
from Fig. 1 (for k =}). Fig. 2 gives graphically 
Eq. (25) for p=17, and at the same time the 
value of z as a function of x. The interesting 
result is that zt is not necessary to know the value 
of k for the design of the exponential grid of the 
space charge tube, as (25) is independent of the 
value of 7,.(q). The knowledge of the value of k, 
however, will provide the means to determine 
the maximum plate current obtainable for a 
given size tube. 
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Fic. 2. x=1—e-”* for p=17. 


VY. COMPUTATION OF THE GRID PITCH 
DISTRIBUTION 


In order to wind the grid it is necessary to 
know the grid wire spacing as a function of the 
order number JN of the turn, counting the turns, 
e.g., from the turn with the widest spacing in 
the direction of decreasing spacings. For this 
purpose we have first to establish a relation 
between the grid wire spacing y and the variable 
z of Eq. (25). The formula of Vogdes and Elder® 
serves very well as an illustration. Fig. 3 gives 
the value of z for a flat construction tube with a 
control grid made of 0.005” diameter wire and 
distances of the control grid of 0.216” and 0.115” 
from space charge grid and plate, respectively. 
The combination of Figs. 3 and 2 gives the 
means to construct the curves 4 and 5 of Fig. 4, 
which represent the relations 


y= y(x) (27) 


and 1/y as a function of x. The same curves 
also represent y and 1/y as functions of x’ 


3 Vogdes and Elder, Phys. Rev. 24, 683 (1924). 
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Fic. 3, Value of z for a flat construction tube with a 
control grid made of 0.005” diameter wire and distances of 
the control grid of 0.216” and 0.115” from space charge 
grid and plate, respectively. z=22+21;. 2=reciprocal of 
amplification factor, calculated as a function of grid wire 


spacing 

=(1—x). A relation between grid wire spacing 
and order number of the turns is established as 
follows: 

Let m, be the number of turns of the largest 
spacing y; and let 
The total number of turns NV; wound up to the 
end of the last turn of any intermediate spacing 
Vk is: 

k 
Ni= 
i=1 
The length /x’ along the grid taken up by these 
N;,, turns is: 


k k 
bx’ Ax, = 
1 1 

Therefore N; may be expressed in terms of Ax; 
and y; by: 

z 

Ax1'/y1, or dx’ /y 

1 0 

for 1=1 and continuously variable spacing. 


Therefore graphical integration of curve No. 5 
gives the order number N‘ asa function of »’, 


‘The term order number is here used in a generalized 
sense. It is a continuously variable quantity, while ‘order 
number” generally means an integer. 
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veve 4 
Fic. 4. 
see curve No. 6 (Fig. 4). The combination of 
curves No. 4 and No. 6 gives the means to 
construct the grid wire spacing y as a function 7. = a 


of the order number N, as represented in Fig. 5. 

The last step in designing the grid is to replace 
the continuous curve obtained by the combina- 
tion of curves No. 4 and No. 6 by a step curve, 
which assigns a definite pitch to every integral 
order number JN. 

Different methods can be used for this re- 
placing of the continuous curve by a step curve. 
Because of considerations on emission, the widest 
spacing is preferably placed near the middle of 
the tube axes. This location of the widest 
spacing leads to the dividing of the tube’ into 
two symmetrical sections. The center turn of the 
grid will be divided into two half turns. Each of 
these half turns will be the first half turn of the 
two sections. This is indicated by the Roman 
figures in Fig. 5. The fact that the wire spacing 
between two adjacent turns of different pitch 
varies approximately linear from the middle of 
one turn to the middle of the next suggests the 
possibility of approximating the continuous y — NV 
curve in the manner illustrated in Fig. 5 from 
N=I to N=V. In the flatter region of the 
curve where according to this procedure the grid 
spacings would change by less than say 0.001” 
from turn to turn, a repeated larger change of 
spacing will give a smoother approximation to 
the desired characteristic. This is indicated in 
Fig. 5 by the step curve for larger values of N. 

Obviously the method described here can as 
well be applied to the design of grids for triodes 
or pentodes, by a proper choice of the meaning 
of z. In conclusion, a word may be said about 


Fic. 5. Find wire spacing “‘y” (in inches) as a function 
of the order No. “N” of the turns. Continuous curve, 
graphical solution; step curve, practical approach to 
graphical solution, 


the meaning of the length | which gives the 
“scale’’ for the order number N. This length / 
is not the actual length of (one section of) the 
tube. The actual length is shorter because the 
tube is not operated from cut-off bias all the 
way down to zero-grid voltage, but only to a 
specified minimum grid voltage. The flattening 
of the y—N curve for decreasing values of y 
indicates ‘that a considerable saving in tube 
length may result from the specifying of a 
minimum operating bias. A glance at Fig. 3 gives 
the minimum grid spacing Zin corresponding to 
a modified minimum grid bias ¥min= —2Zmin. The 
same curve also gives the maximum grid spacing 
required for a given cut-off value. The choice of 
the ‘‘scale’’ / is then fixed by the postulate that 
one full turn should be obtained for the largest 
grid spacing. This postulate provides a limitation 
for the maximum cut-off value which may be 
combined with a desired logarithmic steepness 
of the characteristic at a given tube size. Con- 
sidering the minimum bias and the comparatively 
small number of variable grid turns in the 
existing variable Mu tubes we see that a shorten- 
ing of the length of most of these tubes now in 
use would not substantially change their char- 
acteristics. This shortening will not only permit 
a saving of space but will also permit a decrease 
of the filament voltage. 
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A New Type Long Period Vertical Seismograph 


VOLUME 5 


Lucien J. B. LaCoste, Jr., University of Texas, Austin, Texas 


(Received May 7, 1934) 


A single spring vertical motion seismograph of theoretically infinite period is described. 


Actual periods of over a minute have been obtained with a seismograph of this type while for 
a period of 37 seconds the period was found to be constant to within 1 second for a variation 
of 9° in the angle between the seismograph arm and the horizontal. A special type of spring is 
required. The method of winding such a spring is described. A possible method of temperature 


compensation is given. 


I. INTRODUCTION 


T has long been desired to design a long period 

vertical seismograph in which the period is 
constant over a considerable range of VW, the 
angle the seismograph arm makes with the 
horizontal. By using two springs Wilip' has 
eliminated first and second order errors in V 
while Richardson? by a similar method has 


Fic. 1. Photograph of seismograph. 
- Wilip, Gerland’s Beitrage zur Geophysik 19, 387 
(1928). 


?L, F, Richardson, Royal Astronomical Society, M. N., 
Geophys. Supplement 3, 125, March, 1933. 
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succeeded in eliminating the third order error 
also. In the single spring seismograph described in 
this article all geometrical errors are eliminated 
for a variation of V of 180°. Fig. 1 is a photograph 
of the seismograph. It is of the ordinary single 
spring type but has particular dimensions and 
requires a special spring. The characteristic of the 
spring is that its elongation is equal to the 
distance between the points where it is attached. 
In other words if the initial length is defined as 
the actual physical length minus the elongation, 
then this type of spring has a zero initial length. 
Springs of this type were easily wound by a 
method to be described in this article. 


II. Proor or INFINITE PERIOD 


A diagram of the seismograph is given in Fig. 
2. The weight W is fixed to the arm DC which is 
pivoted at D. The spring FC is attached to the 
frame at F and to the arm at C. The lengths FD 
and DC are taken equal. The point of attachment 
F of the spring is vertically above the pivot D. 
The dotted arc FCE is a semicircle with center D. 

The proof of the infinite period is as follows. 
The torque produced by the weight W is 
T..= —Wb sin 6. If it is remembered that the 
spring is of such a type that its elongation is equal 
to the distance between its points of attachment, 
it can be seen that the torque exerted by the 
spring is 7,=k(FC)(DG), when k=the spring 
constant. Since DG=a sin a and 


FC= FG+GC=a cos a+a cos 8, 


it follows that 7,= ka? sin a (cos a+cos £8). 


. 
JULY, 1934 
d 
. 
3 ‘ 
th 
~ 
1 
abs 
> 


LONG PERIOD VERTICAL SEISMOGRAPH 


Since FD= DC, it follows that a=8 and 
T,= 2ka? sin a cos a= ka’ sin 2a. 


But a is measured by half the arc EC while @ is 
measured by the whole of this arc; therefore 


a=6/2 and 7,= ka’ sin 6. The total torque on the: 


arm is 9= 7,+7.= (ka?— Wb) sin 0. If ka?= Wb, 
then J7)=0 for all values of @, and the period is 
infinite. 

The effect on the period of varying the angle 
FDH slightly or of adding a small initial length 
to the spring can be found as follows. Assume 
that the angle FDI is 90°+A and that the 
initial length of the spring is L; then the total 
torque becomes 


— Wb sin (@—A) 
+ka® sin 0—Lka sin (0/2). (1) 
For equilibrium and 
ka? sin sin (6/2) 
b sin (@—A) 


(2) 
The square of the frequency of vibration is 
F*a—dT,/dé. From Eq. (1) 

F*aWb cos (@—A)—ka? cos 6+ (Lka/2) cos (0/2). 


Substituting the value of W given in Eq. (2) 
gives 


ka? sin 6—Lka sin (6/2) 


a 


tan (@— A) 


Lka 
— ka? cos — cos (6/2). 


Let 6=90°+46. Then, if the arm DC is approxi- 
mately horizontal, 6 is a small angle. By neglect- 
ing third order powers of 6 and A, 

sin @=1-—6?/2, sin A=A, 
cosé= —4, cos A= 1—A?/2, 
[ ka? — ka?6?/2 — Lka((1+6)/2)! 


1 — A?/2—67/2+5A 


and 


Lka 
+ka*s —6)/2)!. 


By neglecting third order terms in L, 6, and A 


gives F*aka?A+ (Lka/2')(3 —A+ 36). (3) 


Horizontal 


Fic, 2, Diagram of seismograph, 


Eq. (3) shows that the period can be shortened 
either by increasing the angle FD// in Fig. 2 or 
by giving the spring a positive initial length; 
this was verified experimentally. It also indicates 
that the period will depend least on 4, or on 8@, if 
the initial spring length is made zero and the 
period is adjusted by tilting the seismograph 
frame. A further conclusion that can be drawn 
from Eq. (3) is that a monotonic variation of the 
period with 6 can be eliminated by adjusting L, 
the initial spring length. This has not yet been 
tested experimentally. A simple method of 
adjusting L will be described later. 


III. METHOD OF WINDING A SPRING OF NEGATIVE 
INITIAL LENGTH 


The method of winding the spring is illustrated 
in Fig. 3. The bar £ is a flat metal bar with a hole 
drilled through it at ab. The wire used in making 
the spring passes through this hole and is wound 
on the mandrel. The bar E is held flat against the 
spring and at an angle ® with the direction of the 
mandrel. As the wire comes out of the hole ad, it 
must bend at c in order to get in line with the 
other turns of the spring. This causes the turns to 
press against each other and give the desired 
characteristic. The size of the angle ® and the 
tension applied to the wire can be found by a few 
trials. In practice it is not attempted to wind a 
spring of zero initial length (actual physical 
length minus elongation). Instead a negative 
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Fic. 3. Method of winding spring. 


initial length is obtained and then pieces of wire 
are added to the spring (as can be seen in Fig. 1) 
in order to bring the initial length of the combi- 
nation o{ spring and wire to zero. If too great a 
negative initial length is aimed at, it is found that 
the spring collapses on being stretched. The 
elongation of a spring can be very easily calcu- 
lated from the frequency with which a weight 
attached to it vibrates. 


IV. DESCRIPTION OF SEISMOGRAPH USED 


In the seismograph shown in Fig. 1 the spring 
was made of elinvar wire. It was aged for several 
months by hanging on it the weight that it was 
to carry in the seismograph. The distances a and 
b in Fig. 2 were about 45 cm, and the weight was 
about 2.5 kg. The pivot consisted of two steel 
wires, No. 31 B. & S. gauge, clamped on the 
frame and on the arm. This made an amply 
rugged pivot. The characteristics of the seismo- 
graph were found to depend very little on the 
size of the wire used for the pivot. 

The method of adjusting the seismograph was 
as follows. A weight was attached to the spring 
and was set in vertical vibration. The elongation 
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Fic. 4. Variation of period with position of seismograph 
arm. 
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Fic. 5. Possible method of temperature compensation, 


of the spring was calculated from the frequency 
of vibration. Enough wire was then added to the 
spring to make the length of the combination of 
wire and spring equal to this elongation. The 
combination then had zero length. It was placed 
in the seismograph, and the period was adjusted 
by tilting the frame. 


V. VARIATION OF PERIOD WITH POSITION OF ARM 


Graphs of period against angle of arm are 
given in Fig. 4. These curves compare very 
favorably with that given by Wilip.' The range 
of these curves might have been extended had it 
not been that at the top of the range some of the 
turns of the spring came into contact with each 
other, while at the bottom the wire attaching the 
spring to the arm came into contact with the arm 
at another point. The data are probably accurate 
to within one second. Periods of over a minute 
were obtained with this seismograph, but it was 
about to become unstable at these periods. 


VI. TEMPERATURE CORRECTION 


When the seismograph was adjusted for long 
periods, its zero position was found to be very 
sensitive to temperature changes. Approximate 
temperature compensation was obtained by 
adding a small steel spring to the seismograph as 
shown in Fig. 5. The steel spring was also required 
to fulfill the requirements of this type of seismo- 
graph. The lengths ab= bc were varied until the 
temperature effects of the two springs approxi- 
mately balanced each other. This adjustment for 
temperature compensation has not yet been done 
accurately, but even with a rough compensation, 
satisfactory seismograph records have _ been 
obtained. 
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Propagation of Elastic Waves in Ice. Part II 


MAURICE EwInc Anp A. P. Crary, Lehigh University 
(Received April 10, 1934) 


Flexural waves. A seismograph, used to study propaga- 
tion of explosion-generated waves in a sheet of ice on a 
lake, revealed the existence of flexural waves. These waves 
showed marked dispersion, the group velocity being 
represented approximately by the empirical formula 
U=221(en)!, where e is the thickness of the ice in feet and 
n is the frequency. A theoretical formula is developed by 
which the velocity of these waves may be calculated from 


the elastic constants of ice and water. Transverse waves. 
By a suitable orientation of the seismograph it was 
possible to detect transverse waves, polarized horizontally, 
in the sheet of ice. The velocity of transverse waves was 
found to be 6057 ft./sec. which checks within about three 
percent with the value of velocity calculated from the 
elastic constants of ice as reported in Part I. 


APPARATUS 


[® connection with measurement of velocity 

of longitudinal vibrations in ice on a lake it 
was found that two other types of vibrations 
could be detected. These are flexural and trans- 
verse vibrations. The vibrations were set up by 
the explosion of a blasting cap placed in a hole 
in the ice and were recorded by an electric 
seismograph placed on the ice at suitable distance 
from the cap. The seismograph used was of the 
type technically known as a geophone. It was 
originally designed to measure vertical vibrations 
only, but minor changes in the spring suspensions 
have increased its adaptability so that by simply 
placing it on its side it may also be used to 
measure horizontal motions. 


FLEXURAL VIBRATIONS 


Sample records of the flexural vibrations are 
shown in Fig. 1. These vibrations are interesting 
because of the beautiful example of dispersion 
which they offer. They are analogous to surface 
waves on water, to Rayleigh waves on the 
surface of a solid or to flexural waves in a bar or 
thin plate. From inspection of the seismograms 
it is evident that the group velocity increases 
with frequency. This relation is shown in Figs. 
2-6 where the square root of the period is 
plotted against travel time for a number of 
different records. The curves shown in these 
figures are theoretical curves which will be 
discussed below. 


A preliminary study showed that the relation 
U=221(en)! (1) 


where U is the group velocity in ft./sec. for 
waves of frequency m and e is the thickness of 
the ice in ft., would fit the observed data reason- 
ably well. This may be compared with the known 
result for the velocity of flexural waves in a 
thin plate 


V=2meV,/125, (2) 


where V is the wave velocity for wave-length 
and V, is the velocity of longitudinal waves in 
the plate. From the relation 


U= V—-ddV/dd (3) 
we obtain 
4re y (= (4) 
=——/,= en)', 
\ 12! 
Taking V,= 11,260 ft./sec.' (4) gives 
U= 286(en)}. (S) 


These Eqs. (2) and (5) give velocities about 20 
percent higher than those observed. The effect 
of the water beneath the ice must be considered. 
Choose as the y-axis of a system of rectangular 
coordinates a line in the equilibrium plane of 
the ice. Let the x-axis be directed vertically 
upward. Assume a train of waves in which the 
vertical displacement of the ice is given by 


n=A sin (by+ct). (6) 


1 Propagation of Elastic Waves in Ice. Part I, Physics 5, 
165 (1934). 
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Fic, 1. Sample seismograms of flexural vibrations, 


Let #, the velocity potential of the water, be" 
given by 


B cosh d(x+h) cos (by+c/). 
It will satisfy the equation of continuity 
—(—)- 
ae) ax? 
if 
where V; is the velocity of longitudinal waves 


in the water. 
The boundary conditions, 


On/dt and 


where h is the depth of the water, are also 
satisfied provided 


B=Ac/d sinh dh. 


The pressure upon the water can be found 
from the formula 


— gpin— (8) 


Assuming the thickness of the ice small compared 
to the wave-length, the equation of motion of 
the ice sheet is given by 


— Ld‘n/dx*+ sp (9) 


where L denotes the flexural rigidity of the ice 
and go, the surface density. If e denotes the 
thickness of the ice and E Young’s modulys of, 
elasticity, 


and e=ep. 


Substituting these values, together with the 
pressure given by (8) into (9) and putting 
V E/p(1—o?) the relation is obtained, 


coth (Ha/X)), (10) 


where F= G=gpi/4r°e, a=(1—V?2/ 
V,?)!, D= p,/2re and H=2rh giving the velocity 
of propagation of waves of length X in ice of 
thickness e, resting on water of uniform depth h. 
This formula may be compared with one obtained 
by Greenhill* for a similar case. Greenhill con- 
sidered the water incompressible, i.e., Vi= ~, 
and used E instead of E/(1—o*) for determining 
the flexural rigidity of the ice. To compare Eq. 
(10) with known results we note that when the 
thickness of the ice becomes zero and the water 
is considered incompressible it reduces to the 
known expression for the wave velocity under 
the action of gravity. For the density of the 
water equal to zero it reduces to (2). From (3) 
and (10) the group velocity of the flexural 
vibration is found to be 


V 2a? sinh? (Ha/d) + (Ha/X) cosh 
Via! sinh? (Ha/d) cosh (Ha/)+Ha/d) 


This formula has been used to calculate the 
curves shown in Figs. 2-6. The thickness of the 
ice varies from 4} in. to 15 in. and the depth of 
the water from 4 ft. to 20 ft. in the various curves 
and the agreement between the observed and 
calculated values was reasonably good through- 
out. In making the calculation arbitrary values 
of wave-length were assumed and by means of 
successive approximations, the corresponding 


values of wave velocity were determined from 
(10). The group velocity was obtained from the 
wave velocity by (11). The period was obtained 
from the wave-length and the wave velocity and 
the travel time was obtained from the distance 
and the group velocity. Fig. 7 shows the necessity 
for taking into consideration the effect of the 


2 Greenhill, Am. J. Math. 9, 62 (1887). 
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Fics. 2 To 6. Variation of group velocity of flexural vibrations in ice with frequency. 


water. The value of the group velocity for the 
ice alone is also calculated from (5) and that 
from the general formula, (11) is compared with 
the data observed, as taken from (1). At higher 
frequencies the deviation amounts to almost 8 
percent. 

Three components of the motion in these 
flexural waves have been measured in several 
cases. This was accomplished by using three 
different orientations of the geophone; vertical, 
longitudinal and transverse. In the vertical 


orientation it measured vertical motion, in the 
longitudinal orientation it measured horizontal 
motion along the line of propagation of the waves, 
and in the transverse orientation it measured hori- 
zontal motion perpendicular to the direction of 
propagation. Since the sensitivity and damping 
ratio of geophone were not the same in the hori- 
zontal orientation as in the vertical only quali- 
tative comparison of the different components of 
motion are possible. In the theoretical treatment 
of flexural waves the motion of the ice was assumed 
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Fic. 7. Effect of presence of the water upon wave and 
group velocities of flexural vibrations in ice 4} in. thick at 


Saylor’s Lake. 


to be vertical. These waves were discovered, 
however, in the course of the investigation on 
longitudinal waves' in which the geophone was 
in the longitudinal orientation. Most of the data 
are for this orientation. Subsequent tests in 
which all three orientations were used showed 
the vertical component of motion to be greater 
than the horizontal ones, but still of the same 
order of magnitude. It appears that the longi- 
tudinal and vertical components are in phase for 
some records and 180° out of phase for others. 
This relation between the phases may be due to 
inaccurate levelling. The data available are 
inadequate to justify definite conclusions about 
these points. 


TRANSVERSE VIBRATIONS 


Transverse waves, in which the motion was 
horizontal and at right angles to the direction 
of propagation, were recorded in the ice on a 
frozen pond in Wayne County, Pennsylvania, 
and also on the Lehigh Canal. In these experi- 
ments the geophone was placed in the transverse 
orientation as described above. Tracings of the 
records are shown in Fig. 8. A plot of travel 
time against distance is shown in Fig. 9. By the 
method of least squares the velocity of transverse 
waves was determined from the data to be 
6057 +15 ft./sec. 


AND A. P. CRARY 


Fic. 8. Sample seismograms of transverse vibrations, 
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Fic. 9. Time distance curve for transverse vibrations in ice. 


The velocity of transverse waves in a plate is 
given by the same formula as the velocity of 
torsional waves in a rod. The present velocity 
checks with that of 5840 ft./sec., previously 
obtained by the authors for torsional waves in a 
rod of ice,’ to about 3 percent. 
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An Investigation of an Alternating-Current Method of Determining Critical Potentials 


An investigation of an alternating-current bridge method 
of measuring critical potentials in a vapor has been made. 
The tube containing mercury vapor and of similar structure 
to that used in the experiments of Franck and Hertz was 
placed in one arm of an impedance bridge and so arranged 
that a small alternating voltage in series with a small 
direct retarding voltage existed between the accelerating 
grid and collecting plate. Measurements of the equivalent 
variational plate resistance and reactance were made as 
the steady accelerating voltage was varied. Plots of the 
variational resistance or reactance, or the bridge balancing 
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resistance or capacitance as a function of the accelerating 
voltage, showed the typical irregularities found in the 
ordinary current-voltage plots to be enhanced. The 
positions of the irregularities were found to be independent 
of the frequency and dependent on the amplitude of the 
applied alternating voltage within the range investigated. 
Results indicated that the resolving power of the method 
varies inversely with the amplitude of applied alternating 
voltage. The effect of vapor pressure on the position and 
evolution of the irregularities was also studied. 


I. NATURE OF THE PROBLEM 


HE object of the present work was to 
investigate the applicability of the alter- 
nating-current technique developed for meas- 
uring the variational coefficients of high-vacuum 
triodes to the determination of critical potentials. 
Following the work of Franck and Hertz! such 
determinations have usually been made from the 
break points appearing in the curve obtained by 
plotting the current to a collector electrode as a 
function of the voltage accelerating the electrons 
through the vapor. E. G. Dymond? has made 
such determinations from direct measurements of 
the slope of the current voltage curve. He used a 
deflection method involving the low frequency 
mechanical commutation of his galvanometer 
synchronously with a constant increment of 
voltage dV in series with the steady grid ac- 
celerating voltage. In the present work a null 
method was used in which a small audiofrequency 
voltage was superimposed on the steady re- 
tarding voltage between the grid and collector 
electrode. 
In ordinary triodes it is well known? that if one 
considers the plate current 7, to be a function 
only of the plate and grid voltages (e, and e,) that 


ae and G. Hertz, Ber. d. Dtsch. Phys. Ges. 16, 
E. G. Dymond, Proc. Roy. Soc. A107, 291 (1925). 
E. L. Chaffee, Theory of Therm. Vac. Tubes—p. 165. 
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Sp=Upkp, 
where 


Oty Oty 
0e,/ ep 0e, 0e,/ 

These three quantities are defined as the 
variational coefficients of the triode and each of 
them represents the slope or negative slope of 
some characteristic curve of the device. S, for 
example is the slope of the familiar plate current- 
grid voltage curve. The typical galvanometer 
deflection versus accelerating voltage curve as 
obtained by Franck and Hertz and other workers 
using the inelastic impact method of determining 
critical potentials is simply the plate current-grid 
voltage characteristic of the tube under the 
appropriate conditions. An alternating-current 
or dynamic measurement of s>, i.e., the slope of 
the plate current-grid voltage curve, under the 
same conditions should lead to better defined 
break points or changes in slope of the static 
curve. Measurements of s, in high vacuum triodes 
may be made using either the method recently 
developed by Tuttle‘ or one of the methods given 
by Chaffee.* The former utilizes highly specialized 
apparatus developed for commercial tube testing 
and is not immediately adaptable to the present 


*W.N. Tuttle, Proc. I. R. E. 21, 844 (1933). 
5 E, L. Chaffee, reference 3, Chap. IX. 
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problem. Of the other methods there is no single 
circuit available which will measure both the 
positive and negative values of s, encountered in 
a tube containing gas. As hysteresis effects may 
be present in such tubes a single continuous 


circuit throughout the range of accelerating’ 


voltage is necessary. Inability to meet this 
requirement led to abandonment of the idea of 
measuring s,. From (1) it is apparent that 
measurements of either u, or k, will serve 
equally well except for the less direct interpre- 
tation. Measurements of u, were found to offer 
circuital difficulties similar to those encountered 
with s,-K, remains positive throughout the 
range of accelerating voltage and circuit compli- 
cations are minimized since an ordinary impe- 
dance bridge will suffice for the measurements. 


II. EXPERIMENTAL ARRANGEMENT 


The tube was constructed with four cylindrical 
electrodes, equipotential heater type cathode, 
two grids and a plate. Most of the parts were 
obtained from the Raytheon Production Corpo- 
ration of Newton, Massachusetts. Details of the 


TABLE I, Details of tube structure. Dimensions in inches. 


Inner Outer 


Cathode _ grid grid Plate 
Material Nickel Molyb- Nickel Nickel 
denum 
Inside diam. 0.085 0.16 0.86 1.0 
Stock 0.0015 0.005 0.012 60 X 60 mesh 
Turns perinch ... 29.5 32 mae ar 


tube structure are given in Table I. The electrodes 
were all one inch in length and mounted coaxially 
on a standard 24 type tube stem with mica 
supports at top and bottom and enclosed in a 
glass envelope. The central portion of the 
cathode was coated for 0.5 inch by a layer of 
barium and strontium carbonates. The tube 
elements and glass envelope were thoroughly 
denuded of gas and mercury introduced by a 
double distillation process. The tube was sealed 
from the pumps and placed in a thermostated oil 
bath whose temperature could be held constant 
to within +0.05°C. 

Fig. 1 shows the connections. The d.c. circuit is 
essentially a duplication of the simplest circuit 
which has been used in the detection of critical 
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Fic. 1. Circuit diagram of the experimental arrangement. 


potentials. This circuit of admittedly low 
resolving power was chosen purposely to show 
the advantages of the alternating-current method. 
With the inner grid held constant at a small 
positive potential with respect to the cathode the 
number of the tube elements was effectively 
reduced from four to three as it functioned as a 
virtual cathode. The main accelerating voltage 
was applied between the two grids, while a small 
fixed retarding voltage in series with the a.c. 
measuring voltage existed between the outer 
grid and plate. A small alternating voltage of the 
order of a few hundredths volt was applied 
through a shielded transformer to the terminals 
of the impedance bridge. Choke coils shunting 
the voltage source and amplifier provided low 
resistance paths for the d.c. plate current. 
Large by-pass condensers maintained the cathode 
and both grids at the same alternating potential. 

Fig. 2 shows (a) the schematic a.c. circuit 
including the tube, (b) the complete equivalent 
circuit resulting from application of the equiva- 
lent pl&te and grid circuit theorems® and (c) the 
final simplified form. The simple bridge network 
results since the grid-filament capacitance is 
shorted; the plate-filament and grid-plate ca- 
pacitances are in parallel as indicated by Cy; 
Upy€g iS zero since e, is zero and w,e, is entirely 
dissipated in the variational grid resistance. At 
balance the equation Z,Z4= Z2Z; is valid, where 
Z, is the equivalent variational impedance 
between the elements P and F, Z: is the equiva- 


* E. L. Chaffee, reference 3, Chap. VIII. 
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ALTERNATING-CURRENT METHOD 


Fic. 2. Schematic alternating-current circuits. A, fun- 
damental circuit including tube; B, circuit resulting when 
equivalent plate and grid circuit theorems are applied; C, 
final simplified circuit. 


lent series impedance of R2 and C in parallel, and 
Z; and Z, are pure resistances. The equivalent 
variational resistance and reactance between P 
and F will be designated by (r,) and (x,), 
respectively; similarly (R2) and (X_2) for the arm 
containing R2 and C. The balance condition given 
above yields the expressions, 


(Ro) Rs 
(r,)= 


4 
Re —R?Cw 
= 
1 + (R2Cw)? 1 + (R2C2w)? 


where 


(R2)= 


III. EXPERIMENTAL RESULTS 


Fig. 3 shows typical results obtained by 
plotting both the bridge balancing resistance R, 
and the current to the plate as recorded simul- 
taneously against the accelerating voltage meas- 
ured from the space charge grid. Comparison of 
plots of (7»), (xp), Rs and C against the acceler- 
ating voltage showed that the break points 
always occurred at the same value of voltage and 
could be determined as easily from one curve as 
another. All results are shown plotted in terms of 
R,. The current curve I, in Fig. 3, shows the 
typical 4.9 volt separation of maxima corre- 
sponding to the voltage difference required to 
produce the first excited state of mercury 
independent of the initial velocity of emission 
and contact potentials existing in the apparatus. 
The resistance curve R, shows analogously two 
much sharper maxima and in addition auxiliary 
maxima and irregularities which are not evident 
in the current curve. A lateral displacement of 
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Fic. 3. Typical curves taken simultaneously showing 
direct-current galvanometer deflection and the alternating- 
current bridge balancing resistance plotted against the 
accelerating voltage. The same scale of ordinates applies 
to both curves. 


the two curves is observed. Fig. 4 indicates how 
this displacement may arise. The quantity (k,) or 
1/(r,) to which R, is approximately proportional 
can be computed from two static curves as 
shown. These two curves were taken for two 
different values of retarding voltage. For any 
value of the accelerating voltage e,, (k,) will be 
given by the difference of the ordinates of the two 
curves at the point in question divided by the 
difference of the two values of (E,—E,) for 
which the two curves were taken. This shows that 
the current and (k,) curves would have their 
maxima at the same value of accelerating voltage 
only under the condition that the two current 
curves taken for the different values of retarding 
voltage be symmetrical in a small region near 
their peaks. If this were not true the quantity a 
of Fig. 4 could be larger at some other voltage 
than that of the peak of the current curves. It 
is also evident from this figure that a single plate 
current curve taken at the same time that 
dynamic measurements are made cannot be 
taken as a basis of interpretation of the latter. 
The space model of Fig. 5 emphasizes this point 
in an alternate manner. If one assumes that 
I,=f(E,, E,) then J, for a given cathode 
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Fic. 4. Static curves from which the quantity which is 
measured dynamically may be derived. 


E,E,- 


Fic. 5. Geometric interpretation employing a charac- 
teristic surface. The method measures the slope of the 
curve AO in the plane E, =, at its point of intersection O 
with the plane E,—E,=k». 


temperature may be represented by a charac- 
teristic surface in space. Let the surface be cut by 
the planes E,=k; and E,—E,=ke. Then the 
alternating-current or dynamic method used 
measures the slope of the curve AO in the plane 
E,=k, at its point of intersection O with the 
plane (E,—E,)=k. Observations of the slope 
were made as the plane E,=k; was moved by 
small intervals through the characteristic surface 
and parallel to the J,E, plane. Again it is evident 
that no single current curve may be used as a 
basis for interpretation of the k, curve. 
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Fic. 6. Curves illustrating three effects of variation in 
amplitude of the applied alternating voltage; (1) lateral 
shift of the maximum, (2) broadening of maximum with 
increased amplitude, (3) change in magnitude of maximum. 


Investigation was made of the effect of varying 
the amplitude of the alternating voltage applied 
to the bridge by making a series of measurements 
in the neighborhood of the first maximum of the 
resistance curve. Typical results are shown in 
Fig. 6. They show that an increase in amplitude 
of the measuring voltage causes the maximum to 
be shifted slightly, broadened and changed in 
magnitude. Careful tests showed that the 
separation of related maxima, e.g., the two main 
peaks in the resistance curve of Fig. 3, did not 
change with the amplitude of the measuring 
voltage. The broadening with amplitude implies 
clearly that the condition for the highest 
resolution of adjacent maxima is that as small an 
amplitude of measuring voltage be used as is 
consistent with the required bridge sensitivity. 
The change in magnitude of the maximum could 
not be predicted a priori as it can be shown 
experimentally that it depends on the shape of 
the curve whose slope is being sought. Fig. 7, (a) 
and (b), illustrates this. The plate-current grid- 
voltage characteristic of a typical high-vacuum 
triode is shown at (a). At (b) are shown two 
curves representing the dynamically determined 
slopes of the characteristic curve taken at the 
points 1 and 2 as a function of the alternating 
voltage applied to the circuit. The curves indicate 
clearly that the magnitude of the slope deter- 
mined dynamically approaches a definite value 
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Fic. 7. Curves showing that an increase or a decrease in 
magnitude of slopes determined dynamically as a function 


of the applied a.c. voltage depends on the shape of the 
current-voltage characteristic at the point in question, 


asymptotically as the amplitude of the alter- 
nating measuring voltage approaches zero. 
Whether it increases or decreases as one departs 
from small amplitudes depends on the shape of 
the current curve. 

With a fixed amplitude of applied alternating 
voltage measurements were made using fre- 
quencies of 500, 750, 1000, 1500 and 2000 c.p.s. 
In all cases the position of the first main maxi- 
mum of the resistance curve about which tests 
were made, occurred within +0.01 volt of the 
same value. Such a result would be expected as 
the time of flight of the carriers in the tube is very 
small compared with the period of the applied 
alternating voltage. The frequency range in- 
vestigated was restricted to this narrow band as 
being that most applicable to the utilization of 
telephone receivers as the null indicator. 

To test the method further measurements 
were made when the vapor pressure in the tube 
was varied. Effects of this variation of pressure 
are tied up inherently with any variable space 
charge effects introduced by different cathode 
temperatures as it was found impossible to make 
measurements satisfactorily over a wide pressure 
range using the same cathode heater voltage. As 
the pressure varied from 0.68 to 0.045 mm of Hg 
the cathode heater voltage was varied between 
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1.73 and 1.50 volts. Attempts to employ the 
same cathode heater voltage at the highest 
pressure as had been used at the lowest were 
vitiated by the smallness of the plate current 
while attempts to use the highest heater voltage 
at the lowest pressure resulted in conditions of 
instability. At no time during the course of 
measurements was there evidence of oscillations 
within the tube which might give rise to in- 
stability or spurious results. Such oscillations 
have been observed by the writer in other tubes 
containing mercury vapor but are believed to 
have played no part in the present work. 

The results obtained at various pressures are 
shown in Fig. 8. The curve taken at the lowest 
pressure shows an irregularity of a different 
type than the others. The broad maximum which 
occurs at 2 volts disappears entirely as one goes to 
higher and higher pressures. If this maximum 
were due to a characteristic of the vapor in the 
tube it should be possible to observe it at 
approximately the same value of accelerating 
voltage for various heater voltages, when the 
pressure is held constant. Experiments showed 
however that it shifted and finally disappeared as 
the heater voltage was increased and as it had in 
no case the sharpness of the maxima which are 
characteristic of the vapor it was concluded that 
it was a function of the tube structure. Data 
taken on a tube of similar structure containing no 
mercury vapor confirmed this conclusion. 

In Fig. 8 the curve for p=0.68 mm of Hg 
shows two main maxima separated by a voltage 
of 4.8 volts, corresponding approximately to the 
first excitation potential of mercury. These two 
maxima as well as those 0.6 volt to their right 
may be observed on each of the curves. The 
evolution of these maxima is of interest. Referring 
to them as 1, 2, 3 and 4 as indicated, it is apparent 
that 2 and 4 rapidly increase in prominence as the 
pressure is decreased until 1 is a mere kink on the 
side of 2, 3 is still evident and 4 as a separate 
maximum has entirely disappeared. 

If the scheme used by other workers in this 
field for correcting the voltage scale is adopted a 
possible explanation of the maxima and irregu- 
larities of this family of curves may be given. 
Customarily the voltage separation of the first 
two main current maxima, corresponding to the 
lowest excitation potential, is assigned to the 
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Fic. 8. Results obtained at various pressures. 
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first maximum and the voltage of other irregu- 
larities determined from this. Assigning a value 
of 4.9 volts to 1 we find that 2 occurs at ap- 
proximately 5.5 volts. This may correspond 
either to direct excitation of the 5.43 volt energy 
level, or to ionization of atoms which are in the 
4.9 volt state as has been suggested by Compton 
and Mohler,’ or both processes might contribute 
to the observed effect. The prominence of this 
maximum occurring always very definitely at 0.6 
volt beyond the 4.9 volt peak is not easily 
explained without regarding ionization of atoms 
in the 4.9 volt state as a contributory factor. 
The emission characteristics of the tube indicated 
that measurements were made in the presence of 
some space charge and its neutralization by the 
formation of a few positive ions would explain the 
enhanced irregularity observed. The maxima 3 
and 4 may be similarly explained except that they 
are caused by electrons which have already made 
one inelastic collision. 

All of the main irregularities of the curves of 
Fig. 8 may be identified with some critical 
potential or combination of one or more. As an 
example take the curve for P=0.37 mm of Hg 
and adopt the scheme of Einsporn® for presenting 
the possible explanation. The required excitation 
energies in yolts will be abbreviated as follows; 
a=4.7, excitation of 4.66 v level, b=4.9, exci- 
tation of 4.88 v level, c= 6.7 excitation of 6.67 v 
level, d2=5.4 or 5.5, corresponding either to 
excitation of the 5.43 v level or ionization of the 
4.9 v state, e=5.7, ionization of the 4.7 v 
metastable state, f= 6.0, a break point reported 
by Franck and Einsporn to which apparently no 


7Compton and Mohler, Bulletin of the Nat. Research 
Council 48, 10 (1924), 


5 E, Einsporn, Zeits. f. Physik 5, 208 (1921). 
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atomic energy level corresponds. The break 
points or maxima and their explanation in terms 
of the above are given in Table II. 


TABLE II. Refers to Fig. 8. P=0.37 mm of Hg. Inter- 
pretation of maxima in terms of the following excitation 
energies in volts; a=4.7, b=4.9, c=6.7, d=5.4 or 5.5, 
e=5.7, f=6.0. 


Obs. break Discrep 
point in Corrected Explanation anc 
No. volts voltage voltage calc. A id 
1 4.1 4.9 b=4.9 0 
2 4.7 5.5 d=5.4 or 5.5 0 or 0.1 
3 8.9 9.7 2b=9.8 0.1 
4 9.5 10.3 b+d=10.3 or 10.4 Oor0.1 
5 10.1 10.9 2d = 10.8 or 11.0 0.1 
6 10.7 23:5 a+c=11.4 0.1 
7 10.9 11.7 b+c=11.6 0.1 
8 11.35 12.15 c+d=12.1 or 12.2 0.05 
9 12.0 12.8 c+f=12.7 0.1 
10 12.6 13.4 2c=13.4 0 


The curves obtained at lower pressures show in 
addition direct excitation of the 6.67 and 8.8 volt 
energy levels. These results agree with previous 
work in that the higher levels are determined at 
the lower pressures where the lengthened mean 
free path enables the electrons to acquire more 
energy between impacts for a given potential 
gradient. 

Because of the high resolving power of the 
method when applied to the poorest of d.c. 
circuits it is proposed to continue the work by 
applying the a.c. technique to one of the d.c. 
circuits of high sensitivity and resolving power. 

This work was carried out under the direction 
of Professor E. L. Chaffee to whom it is a 
pleasure to acknowledge the many suggestions 
and encouragement offered during the course of 
the work. The writer also desires to acknowledge 
the interest and kindly criticism of Professor O. 
Oldenberg. 
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